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Abstract. The comparison of heavy-flavour hadron production in proton-proton, proton-Pb and Pb–Pb colli-
sions at the LHC offers the opportunity to investigate the properties of the high-density colour-deconfined state
of strongly-interacting matter (Quark Gluon Plasma, QGP) that is expected to be formed in high-energy colli-
sions of heavy nuclei. A review of the main quarkonium and open heavy-flavour results obtained by the ALICE,
ATLAS and CMS experiments is presented.
1 Introduction
The comparison of quarkonium and open heavy-flavour
hadron production in proton-proton, proton-Pb and Pb–Pb
collisions at the LHC offers the opportunity to investigate
the properties of the high-density colour-deconfined state
of strongly-interacting matter (Quark Gluon Plasma,
QGP) that is expected to form in high-energy collisions
of heavy nuclei [1]. Due to their large mass, charm
and beauty quarks are created at the initial stage of the
collision in hard-scattering processes with high virtuality
(Q2 & 4m2c[b]) involving partons of the incident nuclei.
They interact with the medium and lose energy via both
inelastic (medium-induced gluon radiation, or radiative
energy loss) [2, 3] and elastic (collisional energy loss) [4]
processes. The loss of energy, sensitive to the medium en-
ergy density and size, is expected to be smaller for heavy
quarks than for light quarks and gluons, due to the smaller
colour coupling factor of quarks with respect to gluons,
and to the ‘dead-cone effect’, which reduces small-angle
gluon radiation for heavy quarks with moderate energy-
over-mass values [5]. A sensitive observable is the nuclear
modification factor, defined as RAA(pT) =
dNAA/dpT
〈TAA〉×dσpp/dpT ,
where NAA is the yield measured in heavy-ion collisions,
〈TAA〉 is the average nuclear overlap function calculated
with the Glauber model [7] in the considered centrality
range, and σpp is the production cross section in pp col-
lisions. A similar observable is the central-to-peripheral
ratio (RCP), in which the yield measured in central
collisions is compared to that measured in peripheral ones
scaled by the central-to-peripheral ratio of the number
of nucleon-nucleon binary collisions estimated with the
Glauber model. In-medium energy loss determines a
suppression, RAA<1, of hadrons at moderate-to-high
transverse momentum (pT & 2 GeV/c). The dependence
of the energy loss on the parton nature (quark/gluon)
and mass can be investigated by comparing the nuclear
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modification factors of hadrons with charm (RDAA) and
beauty (RBAA) with that of pions (R
pi
AA), mostly originating
from gluon fragmentation. A mass ordering pattern
RpiAA(pT)<R
D
AA(pT)<R
B
AA(pT) has been predicted [5, 6].
In heavy-ion collisions with non-zero impact parameter
the interaction region exhibits an azimuthal anisotropy
with respect to the reaction plane (ΨRP) defined by the im-
pact parameter and the beam direction. Collective effects
convert this geometrical anisotropy into an anisotropy
in momentum space that is reflected in the final hadron
azimuthal distribution [8]. The effect, sensitive to the
degree of thermalization of the system, can be evaluated
by measuring the 2nd coefficient of the Fourier expansion
of the azimuthal distribution, called elliptic flow (v2). The
measurement of heavy-flavour particle v2 can provide,
at low pT, fundamental information on the degree of
thermalization of heavy quarks in the medium. At high
pT, a non-zero v2 can originate from the path-length
dependence of energy loss [9–14].
Already in 1986, it was suggested that the formation
of J/ψ could be suppressed in a deconfined medium with
free colour charges screening, in a Debye-like way, the
QCD QQ¯ potential [15]. The screening should be more
effective in “melting” less tightly bound states, leading
to the expectation of a sequential suppression pattern of
charmonium and bottomonium states, with the higher
states melting at smaller Debye temperatures with respect
to the J/ψ and Υ(1S) ground states [16]. The observation
of J/ψ suppression in Pb–Pb collisions at SPS [17] was
interpreted as a signature of deconfinement. However,
a similar suppression was observed in Au–Au collisions
at
√
sNN = 200 GeV at RHIC [18], in contrast with the
expectation for a higher suppression in the hotter, denser
medium produced at RHIC higher colliding energies.
The two results might be reconciled by an additional
production of J/ψ arising from coalescence of c and c¯
quarks in the medium. This J/ψ regeneration mechanism
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was first proposed by the Statistical Hadronization Model,
which assumes deconfinement and thermal equilibrium
of the bulk of cc¯ pairs to produce J/ψ at the phase
boundary by statistical hadronization only [19]. Later,
the transport models proposed a dynamical competition
between the J/ψ suppression by the QGP and the re-
generation mechanism, which enables them to describe
also the pT dependence of the J/ψ RAA[21, 22]. These
models have in common the assumption of deconfine-
ment and some degree of charm quark thermalization.
At the LHC both effects are expected to intensify: a
stronger suppression due to the higher energy density
and temperature and a larger charmonium yield from
recombination due to the more copious production of
charm quarks at LHC energies than at SPS/RHIC energies.
The measurement of nuclear effects requires the
understanding of the production cross-sections of open
heavy-flavour and quarkonia in pp collisions, used as
a reference. Open heavy-flavour production is well
described by pQCD calculations, like FONLL [24], rely-
ing on the factorization approach. For quarkonium, the
validity of a factorization approach is not trivial, due to the
interplay of perturbative and non-perturbative effects, the
latter related to the formation of the non-relativistic QQ¯
bound state. For a review of the heavy-flavour pp results
at the LHC and of their theoretical modelling see [25–27].
A RAA value different from unity can originate also from
initial and final state “cold-nuclear matter” effects, not
related to the formation of a deconfined medium. At LHC
energies, nuclear shadowing, which reduces the parton
distribution functions for partons with nucleon momen-
tum fraction x below 10−2, is expected to be the most
important for heavy-flavour production. Coherent parton
energy loss in cold nuclear matter and nuclear absorption
of the "pre-hadron” QQ¯ pair before hadronization are
also expected to affect quarkonium production [23]. A
correct interpretation of heavy-ion results demands for the
measurement of these effects via the analysis of p–Pb data.
In these proceedings, a review of the main quarkonium
and open heavy-flavour results obtained by the ALICE,
ATLAS and CMS experiments is presented. The focus is
on the measurements performed in Pb–Pb collisions. The
preliminary results on J/ψ production in p–Pb collisions
will be discussed as well.
2 Quarkonia
ALICE, ATLAS and CMS measured quarkonium pro-
duction in Pb–Pb collisions by reconstructing charmonia
and bottomonia states in the di-muon decay channel. At
mid-rapidity, ALICE measured J/ψ production in the
di-electron channel. Exploiting the nice complementarity
of the kinematic ranges covered by the 3 experiments,
quarkonium production is scanned through 4 rapidity
units from pT = 0 to high pT.
The nuclear modification factor of inclusive J/ψ for
pT>0 in 2.5<y<4 measured by ALICE as a function of
the collision centrality, expressed in terms of number of
nucleons participating to the collisions [28], is compared
in the top left panel of figure 1 with the measurements
performed by the PHENIX experiment in Au–Au col-
lisions at
√
sNN=200 GeV at RHIC in |y|<0.35 and in
1.2<|y|<2.2. At the LHC the suppression is independent
from the collision centrality for 〈Npart〉>100 and a smaller
suppression is observed for most central collisions with
respect to RHIC. Both transport models [21, 22, 29]
and the statistical model [19, 20], including a relevant
contribution from recombination, can reproduce the
data reasonably well [28, 30]. The same considerations
hold at mid-rapidity, where J/ψ production for pT>0
was measured by ALICE in the di-electron channel in
|y|<0.9 [30]. Within the rapidity range of the reported
measurement, RAA decreases by about 40% towards
forward rapidity. As a function of transverse momentum,
RAA decreases significantly in central collisions, from
about 0.65 at pT∼0.5 GeV/c to about 0.2 at pT∼7 GeV/c,
as shown in the bottom-left panel of figure 1. The
trend is well reproduced by the transport model by
Zhao et al. [21], which foresees a substantial contribution
from regenerated J/ψ at low pT, vanishing towards higher
pT. For pT&6 GeV/c, where coalescence should play a
minor, if not negligible, role, the suppression, measured
by ALICE and ATLAS [31] for inclusive J/ψ (including
J/ψ from b-hadron decays) and by CMS for prompt only
J/ψ [32, 33], increases towards most central collisions
(top-right panel of figure 1), does not show a significant
dependence on pT and is independent from rapidity.
Though the different trends observed at low pT and high
pT are in agreement with the expectations from a scenario
in which Debye screening is overcome by J/ψ production
from coalescence at low pT, the measurement of RAA of
higher charmonia states, of J/ψ v2 and of cold nuclear
matter effects is required for a conclusive interpretation
of the results. Regarding the latter, figure 1 shows on the
bottom-right panel the first preliminary measurement of
J/ψ nuclear modification factor in p–Pb collisions (RpPb),
reported by ALICE. In the figure, negative (positive)
values of rapidity refer to the case in which the Pb(p)
beam moves towards the ALICE muon spectrometer
used for the measurement. The EPS09 NLO shadowing
calculations [34, 35] and models including coherent
parton energy loss [36] can reproduce the data, while
the specific Colour Glass Condensate model described
in [37] underestimates the measurement. Calculations
based on shadowing EPS09 are not able to reproduce the
Pb–Pb measurement [28], indicating that the suppression
observed in this latter system is a hot medium effect.
J/ψ coming from cc¯ recombination inherit the azimuthal
anisotropy of charm quarks and, therefore, should show
a non-zero v2, if charm quarks take part in the collective
expansion of the system. A hint of this was observed
by ALICE [38], but the statistical uncertainties are still
too large and prevent a conclusion. Concerning heavier
charmonia states, a preliminary hint for a double ratio of
ψ(2S ) to J/ψ in Pb–Pb and pp larger than unity was re-
leased by CMS [39] for 3<pT<30 GeV/c and 1.6<|y|<2.4,
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Figure 1. Top: centrality dependence of J/ψ RAA for pT>0 in 2.5<y<4 (left, inclusive J/ψ, figure from [28]) and for 6.5<pT<30 GeV/c
in different rapidity intervals (right, prompt J/ψ, figure from [33]) measured by ALICE and CMS respectively in Pb–Pb collisions
at
√
sNN = 2.76 TeV at the LHC. ALICE data are compared to the measurements performed by PHENIX in Au–Au collisions at√
sNN = 200 GeV at RHIC. Bottom left: pT dependence of J/ψ RAA compared to the transport model by Zhao et al. [21]. Bottom right:
J/ψ RAA in p–Pb collisions at
√
sNN = 5.02 TeV compared to models (see text).
contrasting the expectation of a higher suppression for
higher states. The measurement is however affected by
large uncertainties, mainly related to the pp reference,
and the preliminary measurement by ALICE [40] for
pT>3 GeV/c and 2.5<y<4 does not substantiate it. At the
moment, there is no measurement of χc RAA available.
The much smaller abundance of bottom quarks with
respect to charm quarks should contain the potential
contribution of coalescence to bottomonia production to a
negligible level. The Υ(1S) RAA shown in the top panel
of figure 2, measured for pT>0 by CMS at mid-rapidity
(|y|<2.4) and by ALICE at forward rapidity (2.5<y<4),
decreases from about 1 in peripheral events to about 0.4
in central events. No significant dependence on rapidity
can be appreciated within the statistical and systematic
uncertainties [30]. The observed RAA is influenced by
the suppression level of higher states, whose decay yields
∼50% of the Υ(1S) production in pp collisions at high
pT. CMS measured the centrality dependence of Υ(2S)
RAA, which is compared, in the bottom panel of figure 2,
to the ground state RAA [41]. RAA goes from about 0.3 in
peripheral collisions to . 0.1 in central collisions. Thus,
a much stronger suppression is observed with respect to
the ground state, in qualitative agreement with the expec-
tation of a sequentially increasing suppression of higher
quarkonium states, less tightly bound and with a smaller
Debye temperature. This scenario is also supported by
the data reported by CMS in [41] on the Υ(1S), Υ(2S)
and Υ(3S) RAA in minimum bias collisions, which also
suggest that the direct Υ(1S) is almost unsuppressed.
3 Open heavy-flavour
Several observables were used to address open charm and
beauty production in Pb–Pb collisions: the production
of prompt D mesons from the full reconstruction of
hadronic decay channels at mid-rapidity was measured
by ALICE [42, 43], leptons from semi-leptonic decays of
heavy-flavour particles were studied by ALICE (electrons
in |η|<0.6 [44], muons in 2.5<y<4 [45]) and by ATLAS
(muons in |η|<1.05 [46]), while the production of sec-
ondary J/ψ from B decay was measured by CMS [33].
Figure 3 shows the pT dependence of the average of D0,
D+ and D∗+ meson RAA in 1<pT<36 GeV/c in central
0-7.5% collisions: a strong suppression is observed,
by about a factor 5 around 10 GeV/c, with a relevant
dependence on pT. Within the statistical and systematic
uncertainties, the D meson RAA is compatible with that
of charged hadrons [43]. The ongoing analysis of data
from the p–Pb run will clarify how much of the observed
suppression can be ascribed to a medium effect. However,
the main cold nuclear matter effect is expected to be
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Figure 2. Top: Υ(1S) RAA measured by ALICE in 2.5<y<4 [30]
and by CMS in |y|<2.4 [41] as a function of centrality. Bottom:
comparison of Υ(1S) and Υ(2S) RAA measured by CMS [41].
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Figure 3. Average of D0, D+ and D∗+ RAA and Ds RAA as a
function of pT, measured in 0-7.5% central Pb–Pb collisions by
ALICE [43, 47].
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Figure 4. Central-to-peripheral ratio (RCP) of muons from heavy-
flavour hadron decay as a function of pT in different centralities,
measured by ATLAS [46].
nuclear shadowing, which should yield a relatively small
effect for pT&5 GeV/c [42]. Thus, the observed suppres-
sion can be considered an evidence of in-medium charm
quark energy loss. In the same figure, the result of the
first measurement of the production of the charmed and
strange Ds meson in heavy-ion collisions is reported [47].
A suppression similar to that of non-strange D mesons
is measured in 8<pT<12 GeV/c. At lower pT, the Ds
RAA is compatible with that of the non-strange mesons
within the large statistical and systematic uncertainties,
but there is an intriguing hint for a smaller suppression of
Ds production. A more precise measurement, achievable
with larger data samples from future LHC runs, might
pose quantitative implications for models which include
hadronization via coalescence and foresee an enhance-
ment of Ds production deriving from the larger yield
of strange quarks in a deconfined medium [14, 48]. In
figure 4, the central-to-peripheral ratio (RCP) for muons
from heavy-flavour hadron decay measured by ATLAS
at mid-rapidity for pT>4 GeV/c in different centrality
classes is shown. A clear suppression, increasing with
centrality, is observed, without any appreciable depen-
dence on transverse momentum. In central collisions, a
similar suppression was observed by ALICE for electrons
(figure 6, bottom left) and muons [45] from heavy-flavour
hadron decay, at central and forward rapidity respectively.
In pp collisions, according to FONLL predictions [24],
the yield of electrons (muons) from beauty hadron decays
exceeds that of electrons (muons) from charm hadron
decays for pT&5 GeV/c. Therefore, the measured RAA
values indicate that the production of beauty hadrons at
high pT is also suppressed in central heavy-ion collisions.
A direct evidence of this comes from the measurement of
secondary J/ψ from beauty-hadron decays performed by
CMS [33]: RAA decreases from about 0.8 in peripheral
collisions to about 0.4 in central collisions, as shown
in figure 5 for J/ψ in |y|<1.2 and 6.5<pT<30 GeV/c.
The comparison with the centrality dependence of D
meson RAA, displayed in the same figure, highlights a
first indication for the mass dependence of in-medium
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Figure 5. Comparison of the centrality dependence of the RAA
of D mesons in 6<pT<12 GeV/c and secondary J/ψ from b-
hadron decays in 6.5<pT<30 GeV/c, measured by ALICE [42]
and CMS [33] respectively.
partonic energy loss, with RBAA>R
D
AA. However, a firm and
quantitative conclusion is prevented by the fact that the
kinematic ranges of the measurements, if considered with
respect to the parent quarks, are not the same.
In the top right panel figure 6 the first measurement
of D meson elliptic flow in heavy-ion collisions is shown.
The measurement, performed by ALICE in the 30-50%
centrality range [49], exploits the event plane method, in
which the correlation of the particle azimuthal angle (φ)
to the reaction plane ΨRP is analyzed. The reaction plane
is estimated via the event plane Ψ2, by the so-called Q2-
vector, which is obtained from the azimuthal distribution
of a (sub-)sample of tracks in the event [50]. Although the
uncertainties are sizable, a significantly non-zero v2 is ob-
served in 2<pT<6 GeV/c, with an average of the measured
values in this range around 0.2. A positive v2 is also ob-
served for pT>6 GeV/c, which most likely originates from
the path-length dependence of the partonic energy loss, al-
though the large uncertainties do not allow a firm conclu-
sion. The measured D meson v2 is comparable in magni-
tude to that of charged particles, which is dominated by
light-flavour hadrons [51]. This suggests that low momen-
tum charm quarks take part in the collective motion of the
system. A further indication in this direction is provided
by the v2 of electrons from heavy-flavour decay (same fig-
ure, bottom right panel), measured by ALICE with the
event plane method in the 20-40% centrality range. The
measured D meson and electron v2 tend to favour mod-
els like BAMPS [9], UrQMD [10] and Coll+LPM radia-
tive [11] that predict a larger anisotropy at low pT. How-
ever, as shown on the left of the same figure, the same
models have difficulties in reproducing also the D meson
and heavy-flavour electron nuclear modification factors
in the whole measurement momentum ranges, whereas
models like POWLANG [12], WHDG rad+coll [13] and
TAMU (Rapp et al.) [14] are more challenged by the de-
scription of heavy-flavour elliptic flow.
4 Conclusions
The smaller J/ψ suppression measured in central heavy-
ion collisions at LHC with respect to RHIC and the ob-
served centrality and pT trends favour a scenario with a
significant contribution to J/ψ production at low pT from
recombination of deconfined c quarks, vanishing at higher
pT where Debye screening determines the production fea-
tures. The observation of a larger suppression of Υ(2S)
and Υ(3S) than Υ(1S) supports the Debye-screening pic-
ture of a sequential suppression of states following the hi-
erarchy of binding energies. However, any firm conclusion
is still prevented by the lack of information on the suppres-
sion of higher states, where, especially in the charmonia
case, the measurements are characterized by a poor preci-
sion (for ψ(2s)) or are absent (for χc and χb), by the the-
oretical prediction uncertainties, mostly dominated by the
uncertainty on the total charm production cross-section in
Pb–Pb collisions, and by the uncertainties related to cold-
nuclear matter effects, the nature of which should be clari-
fied by the ongoing analysis of p–Pb data. More data from
future runs at the LHC should allow for a more precise
measurement of J/ψ v2, that, beside addressing recombi-
nation, could also help to assess the degree of charm quark
thermalization in the medium. An indication of charm
thermalization is provided by the measurement of a non-
zero D meson v2 at low pT, with values similar to those
of charged hadron v2. Despite the large uncertainties, this
observation complements the measurement of a large sup-
pression of D meson production at high pT (about a fac-
tor 5 at pT∼10 GeV/c) in central Pb–Pb collisions, which
constitutes an evidence of in-medium charm energy loss
and points to a strong interaction of charm with the QGP.
The comparison of the RAA of D mesons and of secondary
J/ψ from b-hadron decays suggests that beauty loses less
energy than charm, corroborating the prediction of a de-
pendence of energy loss from the quark mass induced by
the dead-cone effect. However, a satisfactory description
of the interaction of charm and beauty quarks with the
medium is still missing as highlighted by the absence of
a model able to reproduce simultaneously the RAA and v2
of D mesons and electrons from heavy-flavour hadron de-
cay. Although the results obtained at the LHC after the
first 3 years of data taking can be casted into a qualita-
tively understood frame, more precise and “differential”
measurements are needed to focus the emerging picture of
heavy-flavour production and interaction in the QGP. The
data collected in the next runs and, even more, the upgrade
of the detectors, during the long shut down in 2018, should
allow to reach this target and bring experimental heavy-ion
physics into the charm and beauty era of QGP.
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